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Subiilttad to th» I)«p€3rti»«nt of Haval Arohltoctura and Merluka 
£2i^irb6«ri23i^ on 16 1952 la partial fuXfillmnt of the 

requlreaent;# for the of Kaval Angtn««r» 

on the rtsaults of axparlaentation witin flow^ 
a theory ha» been |>ropo8«A that for tha case of water, in- 
oreaain^ tha taiaparatura of a aiirfaoa moving relative to 
the water should tend to stalsillae the laalrtar boundary 
layer of the flow pairt the surface. 

object of this Investigation was to deteral^Mi if 
ti^i# XSLXiXxmv boundary layer mn be stabilised by heating 
the surfs:oe of a veesel m water, and to gain eaper laental 
tvldenee ns to the praotiosl applloebillty of suoh a nethod 
of boundary layea^ control to reduce th© fr let lonhl resist- 
ance of stMll subeerged vessels « 

The Method enployed to obtain t>ie nG 0 «ss»ry Inforne- 
tion ooxuixsted of usix:^ an electrically heated, copi>er 
Qiodel hull which was towed in the convent loml am^nner in 
the H.I.T. towing tank. It was felt that a significant 
effect on the stabilisation of the laalntr bo\m&Siry^ leyex* 
would be apparent in the delay of the ocourenoe of transi- 






tloii froa inslrjiir turbulent flaw* 

Dlfflcultiea in proYidlr<« S5uffici«»ntljr l&r«« 
of po*mT to tl»e aocS«I to ^ive ft j^iativftX/ hl^ia aurfiico 
taaparat-itr#, ft3s4 difficult i*« Xn deter«slxUjRs the oxifeot 
3Sftture of tho flow in the unh^ftted aoadltian wer« en- 
countered* 



It 1« felt that th» reiultft obtained from hmti^ thm 
sux‘ffte« of tite sodol c«as: accaunted foa' by ft pure riftcaftlty 

•ffftct within the ll»ltft of pr«al«lon obtslnablft* Mo 
definite oonoluiUons^ th«refox'ft, «» to the effect of 
heating an the stability of the Xsainar Jjoundary lfty«r 
o«n be reeched* It is j’^ooaacndisd that inT«sti«^tloa 
of the effect !>• continued utllialzig methods of experi- 
mentftticn wherein the characteristics of the flow oen ba 
detea^miriod and lari^e quantities of power fox* heating 
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SYMBOLS 



Of Prictloiial-' resistance coefficient 

Cy Residual-resistance coefficient 

Ct Total-resistance coefficient 

R# Reynolds number 

Ht Total resistance 

^as Average surface teaperature 

T|f Water teaperature 

TI2 Effective boundary-layer temperature 

(see Appendix B) 

L Waterline length 

S Wetted surface area 

Mass density of water 

^ Kinematic viscosity 

V Model Speed 
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Tli» Eagyiltuda of th© frioticm&X r©»i»tano« of & 
TGCseX in w&tor depends on wh«th«i» the bounslary lBy«Mr 
is laminar or turljulent, Th© frictional resistanos is 
very isuoli greater shen the boundary ley or is turbulent <, 
Therefor© s delay in the transition from laminar to 
turbulent flow might result in s signifioent reduction 
In the resistance of vessels , pcrtioularly submerged 
vessels whose reslstenoe is bssioslly frictional x*e* 
sistanoe* JEk>undary layer control may be most readily 
applied to small craft such as torpedoes, where exhaust 
gases may be so routed as to heat the exterior surface 
of the vessel. 

Experimentation ji, 3» 5# 6, 7 , ^ and theoretical 
calculfi^tions [l, ^ have sliown that in the case of gas 
flow, heating the surfeoe of a vessel advances the point 
of transition and cooling delays the point of trsasition* 
The viscosity of air increases with an increase in 
tetaperature, while the viscosity of water increases 
with a decrease in tenparature. It is possible, therefore 
that the heating of a surface in water may delay the 
transition from Ifsainar to turbulent flow. 

The object of this invest igittion was to determine 
if ti'ansition can be delayed by hoatlng the surface of 
a vessel in water. Basically this was to be acoomplishad 
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by observlii^ the reduction of frictional resistance at 
elevated surface temperatures. An appraisal of the 
practical utility of boundary layer control was the 
primary goal. For that reason a ship model towing tank 
procedure was employed. In selecting this method, it 
was anticipated that this thesis would be paralleled 
by an investigation of the effect in heated pipes, 
utilizing more easily controlled laboratory conditions. 

It was felt that the results of the towing tank experi- 
ment would serve to substantiate the results of the pipe 
experiments and to yield valuable Information on the 
practical aspects of the theory since the towing tank 
conditions would more closely approximate the conditions 
that are likely to be encountered in an actual application. 
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II. PROCEDURE 



MODEL DESlCrK 

Since the Investigation was concerned with frictional 
resisteoice, the most advantageous model to use in the ex- 
periment would have been a completely submerged body or a 
friction plane. The M,I,T. Ship Model Towing Tank, however, 
is not at the present equipped with a towing carriage, 
which precluded the use of anything but a surface vessel 
^ich provided its own stability. Thus limited, a model 
was designed with the following aims and limitations; 

1, Minimum residuary resistance was desired, since 
a large residuary resistance in comi>arl8on v;lth the 
frictional resistance, would mask out the variations in 
the latter. Residuary resistance increases with increas- 
ing Proude number; hence the model should be run at as 
low a Proude number as possible, 

2, In order to maximize the frictional resistance 
in comparison with the residuary resistance, a large 
wetted surface was desired, 

3* Reference [12] indicates that laminar flow 
becomes unstable at a Reynolds number of approximately 
4,5 X 10^, For the purpose of our experiment, it was 
deemed advisable to ensure that the model could be run 
in or beyond the transition region. It was imperative 
that the model could be run at a Reynolds number to give 
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some turbulent flow in the unheated condition. 

The beam had to be large enough to provide 
adequate stability and to allow enough space for the 
mounting of the towing bracket inside the model, 

3* The other limitations of the Ship Model 

Towing Tank were that the maximum length could not exceed 
six feet and that, because of the Inertia effect, the 
maximum displacement of the model could not exceed 
approximately thirty pounds. 

The requirements of being able to run the model at 
a high Reynolds number to ensiJire turbulent flow and a 
low Froude number meant that the model should be as long 
as possible, or six feet in length. Fixrther, the re- 
quirements of (l) also suggested that the bow and stern 
be adequately faired and that the beam be a minimum* 

The beam chosen, 5 inches, was the minimum idiloh would 
meet the requirements of (4) above* The model would 
be run at the maximum displacement to give a large wetted 
surface* 

The shape of the model hull as finally chosen is 
shown in the appendix (Pig* XII)* Before proceeding 
with the fabrication of the metal model, a wooden model 
of the same shape was built and tested in the towing tank 
in order to see if the desired characteristics could be 
obtained* The curve of versus Reynolds number obtained 
from the wooden model indicated that the turbulent region 
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could be reached^ with a slight Indication of the beginning 
of lamlxmr flow at a Reynolds nuaber of 7 x 10-^* This 
was considered satisfactory and the fabrication of the 
isetal fiiodel was started at the Boston Naval Shipyard# 

The requirements of high thermal conductivity and 
corrosion resistance in water led to the selection of 
copper as the material used# 

MiTTHQD (F HEATING SURFACE OF MODEL 

The optimum method of heating the surface of the model 
would have been a method for whlolx no ertemal ooimeotlons 
to the model were required. This Is basically because the 
equipment of the M.I.T. Ship Model Towing Tank does not 
Include a towing carriage and any external connections are 
likely to Introduce variable forces acting upon the model 

that would affect the reliability of the velocity measure- 
ments# 

In an attempt to avoid external connections, the 
utilization of the heat of fusion of several available 
salts was considered. The weights required of several of 
the Investigated salts Indicated that their employment was 
reasonable. Elementary experimentation with these salts, 
however, showed the basic difficulty with the heat of 
fusion method to be progressive solidification. This 
process set up varying heat transfer barriers. To eliminate 
these barriers constant mixing would have been required 
and this was considered Impractical, 
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Eleotrical heating was decided upon as tho only 
practical alternative. This decision was Made realising 
that two important disadvantages of the method would have 
to be minimised. These disadvantages were the use of 
external connections and possible teiaperaturo variation 
along the hull. 

It was decided to base the heat transfer rate calcu- 
latloPia on the condition of laminar flow. The heating coil 
arrangement was, therefore, designed on the basis of the 
Pohlhausen equation for flat plates and laminar flowll^‘1 • 
Number twenty AWG Niohrome V wire was selected because of 
its ability to withstand large currents and high tempera^ 
tui*es. The resistance wires were spaced in the model so 
as to give constant surface temporatitres. 

Electrical insulation between the copper model and 
the heating wires proved an extremely difficult problem 
because of the high operating teiaperatvir© of the wire 
and the need for a large heat conductivity through the 
electrical Insulation. Experimentation with such materials 
as glass cloth and mica showed that they provided a heat 
tra ns fer barrier that was formidable enough to either melt 
the wire or deter ioriate the insulation, "Insa-Lute* 

(paste No# 1) was selected as the electrical insulation 
material because it showed Itself to possess the required 
electrical end heat conduction properties. This materiel 
was employed by first coating the inner copper hull surface, 
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tho wires, rind tJi«n covering tho wir®» with th« ssjsm 
laaterlal* A final layer of heat inculfitlng aaterial was to 
l>e eaployed to reduce losses to the attaoephere* These 
loses were, however, deeiaed negligible in eaaperison with 
the heat transfer to the imter and the final layer ¥jas not em- 
ployed. 

Connecting the ©leotrioai heating coils to the source 
of electrical power without introducing error in the tovlrg 
tank measurcasents deoanded mxoii eons ideret ion. A survey of 
literature and several. Interviews provided no Indicction 
that elootrioal leads had ever been attached to a aodel In 
a towing tank that was not equipped with a towing carriage* 
Tho basic difficulty was, of course, that the electrical 
leads would tend to introduce unmeasurable forces thus pre- 
venting accurate determination of the effects of heating. 

It was decided that the wires should enter the fsodcl 
verticslly with a mininutt weight of wire being supported 
by tho Bodel. It was necessary to design a cert that could 
be Moved along the side of the towing tank and parallel the 
action of tive aodel. In order to introduce the wires from 
above the aodel, a polo wns attached to the oax*t and extended 
to a point directly above the model. Tlie electrical leads 
were rigidly attached to the point on the pole above the 
model and slack in the leads was adjusted by trial and 
error. The external electrical loads were connected to the 
internal system at a tixres phase binding post that was 
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rigidly attached to the model in the bow section* 

Surface temperatures were obtained from thermocouples 
that were soldered to the inner surface at three stations* 
These stations were placed respectively along the center- 
line of the bottom at 14*3 inches from the bow, 14*3 
inches from the stern, and amidships. The thermocouple 
leads paralleled the external power leads from the cart 
to the model* The thermocouples were made of constantan 
and copper^ and melting ice in water was used for the 
reference temperature* 

The jpower supply available in the towing tank building 
dictated that three phase power be employed for heating 
the model, considering the estimated amoimts of power re- 
quired, The nine heating colls in the model were first 
connected in delta in groups of three coils. It was later 
decided to employ "Y" connection of the colls in order 
to lower the amount of line current for a given power 
input to the model. Voltage regulation was eccompllshed 
by employing a three phase variable transformer* The 
trems former, thermocouple potentiometer, and other 
electrical measuring equipment were located at the drive 
end of the towing tank* 

DESCRIPTION OF TOWING TANK 

The Ship Model Towing Tank at M.X,T* is described 
by M* A. Abkowltz [17] • Briefly, the t£mk is 108 feet 

long, 8 feet 7 Inches wide, and 4 feet deep. The models 
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are eocelerated by falling weights until the model re- 
sistance is equal to the towing force end travels 
thereafter at constant speed. The speed of the model 
is measured by means of electronic instrumentation at 
an idler pulley mounted at the for end of the tank, A 
blaox anodized sheet-aluminum disk mounted on the 
periphery of the idler pulley has 2,000 uniformly spaced 
radial slits, A light source and a phototube are mounted 
with the slotted disk between them, so that the phototube 
receives a light impulse every time a slit passes the 
center of the optical system. The output of the phototube 
is amplified and transmitted to an electronic counter 
located at the drive end of the tank, ■•-he preciSo.on 
of the instrumentation provides measurement of the towing 
force to within 0*0001 pounds, and meaeureiaent of the 
speed to 0.001 knots. 

TEST PROCIilDURE 

The copper model was ballasted to a displacement of 
31.27 poiindB which gave a wetted surface of A. 81 square 
feet, A series of runs were then made with the power 
and thermocouple leads not oojmocted to obtain the smooth 
hull characteristics. The turbulence was stimulated by 
a one-half Inch wide sanded strip placed on the stem and 
a one inch wide sanded strip placed along the waterline 
on both sides extending aft twelve inches from the stem. 
Next, the \7ires were attached and runs were made with no 
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heat applied; then with heat applied. Three or four rune 
were made with the saiite towlx;g foroe^ both heated and un- 
heated, and the recorded epeeda were averaged. 

The following obeervatlone were aade froa theee early 

runs; 

1) The expected point of Inflection in the curve of 
Ot versus R# at a Reynold’s number of about 7x10^ Indicat- 
ing the start of transit ton to laminar flow either did 
not ooour or was very sll#it if It did occur. 

2) With the wires attached to the model, consistent 
results could mt be obtained below a speed of 1.2 knotSg 
indicating that the variable force introduced by the 
attachment of the leads was an appreciable percentage 

of the towing force at lower speeds. 

The absence of transition ^s difficult to explain 
since the shape of the copper siodel was the same as the 
wooden modol, and the metal model was considered to be 
sEioother tlum the wooden laodel. One possible explanation 
was that the soldered joint connecting the bow to the 
parallel middle body offered a discontinuity to the flow 
and thus tripped the boundary layer into turbulent flow. 

To remove thla contingency, melted solder was flowed on 
all portions of the hull in which there appeared to be 
irrogularities. Tins solder was then scraped down until 
the hull was as free from defects as possible. Afterwards 
the entire outer hull was buffed and polished to a mirror 



finish. 
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The friction of the entire towing assembly is of 
the order of 0*004 pounds and is calibrated as a function 
of the model speed. As the speed decreases, the towing 
friction as a percentage of the applied force on the 
weight pans increases. For example, at 0.25 laiots the 
friction of the towing assembly wa® around 40 percent of 
the applied force for our models Further, the friction 
has only been calibrated dovm to a speed of 0.4 knots 
and the friction for speed lower then 0*4 knots must be 
obtained by extrapolation of the friction curve. In 
view of the fact that the results become less reliable 
with decreasing speed, it was advantageous for our 
purposes to bring in cooler water so that a lower 
Keynold*s number could be obtained for the same velocity 
of the model. By changing the water in the towing tank, 
the water temperature was reduced from 65 degrees P to 
58 degrees F. 

With these steps taken, a new curve of Ct versus 
was obtained, as is discussed in section IV. Suffice 
to say here that the transition beoeme more apparent at 
a Reynold *8 number of 7x10^, 

In order to obtain consistent results at lower speed 
with the wires attached, a slip-ring assembly was designed 
and built so that the power could be introduced into the 
model through carbon brushes. A drawing of the slip-ring 
assembly is shown in Figure X. With this device, the 
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luaxiaiua force In the direction of travel that could be 
applied to the aiodel by the power leads was the a»ount 
nccesoary to overcome the friction in the bell-bearings 
and Blip-ri25^s, providing the end limits of rotation of 
the assembly wore not reached. With the wire attached 
to the Blip-ring assembly, we were able to obtain consistent 
readings down to a model speed of 0«&7 knots. 
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III. HS3ULT5 

Fli^ure VII shows the relationship between and 
for the aodel when towed in ©ocordnuoe with th© routine 
towing tfcnk pi’ocedxir© at the indicated weter teaperptures* 
Points ere included for the un2ie»ted nodel runs with the 
power leads attached* 

Piifure VIII shows the roleitlonshlp between and V 
for the following conditions? 

1. Unheated aodel with ssicoth hull at indicated 
water tciaporatures* 

2. Unheeted model with smooth hull and power leads 
attached* 

3* Heated model with smooth hull and power leads 
attedied at various average surface temperatures of the 
hull* The surface temperetures, and V for a given 
point are as indicated in Table I* 

Table I gives the experimental results obtained at 
the various points whei'o the effect of heating tias in- 
vastigated* Tj^ is the calculated boundary layer tempera- 
ture that would bo required to produce the satao effect 
as that wliich was ©JCperlmentElly determined* It is com- 
puted on the esBuaptioii that the flow past the hull is 
turbulent, and on the basis of Schoenherr *s friction 
formulation* installs of this computation are given in 
the appendix* 

Figure IX sixows the relationship between power input 
per degree Fahj'enhelt temperature difference (beirween 
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surface end water temperature) and velocity* It gives 
a comparison of the experimentally detei’iaiiied values on 
the average hull surface teiaperature and the theoretical 
relationship based upon Pohliiausen’s theoretical equation 
for flat plates and laiElnar flovrlva. 
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XV. DlSCVSblOU OF rJF.SUIH'-S 



The primary purpose of obtaining the inforrii^tlon shown 
in Figure VIX for the s^aooth and sanded hull was to establish 
the lieynolds number at tihicii transition from lanimr to 
turbulent flow oocuri’ed, C^ce this region was firmly es- 
tablished, the aiodel could ba towed at higher ixeynolds 
numbers with the sui*feoe heated, and the effect of the 
heating on transition noted. 

The region of transition was not apparent from the 
initial tests with a water temperature of about 65®F. 

In general, p«.\st experience with models of similar form 
chars cteristloa would lead on® to expect a pronounoed 
transition region showing distinctively laminar flow at 
the lower Keynolds number Cl6l . 

The curve of for a watoi' temperature of about 5S®F, as 
was expected, separated from the curve obtained at about 
65°P* In the region where the residuary resistance became 
noticeable. This is, of oourse, explained by the feet 
that ©t the same Reynolds number, the two runs at different 
temperatures have different Froudo numbers, hence different 
residuary resietonces. 

This curve of for a water temperature of ©bout 5S®F, 
shows a distinct inflection in the region of Reynolds numbers 
of to 8,53clO^» However at still lower Reynolds numbers 

the curve of rises above the Sohoenlierr friction curve 
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Instead ol* tendiss^ dovrtiwa.;''d tow«.rd the Blaaius oui'V© 
au would bo #>;i>ect©d in the oaee of laailnar flowo This 
condition has not besn satisfactorily explained* If 
on© aaauaKiS that below a Reynolds nunl>er of 7x10^ the 
flo»f is essentially lemini r, the values of 
could possibly be caused by a sharp Increase in pressure 
dreg due to l»aii»r seperetion at th© convergix^ section 
of the stei'n. Atteaspts to prevent eeparetion by sanding 
the stoi'n section were uneucceesfuX* 

Anoth«r feet or tliat oasts soai© doubt on the eecuraoy 
of the results at low Acynoids numbers is the possibility 
that the friction calibration of the towine equipment 
at speeds below knots aay be in en*or by a considerable 
aisount since it is obtained by extrepoletlon cf the 
aoasured friction for speeds of 0o4 knots and above « At 
the lower specks, friction is an appreciable percentage 
of the applied force. 

In oplte of the forego there arc indications 
that the flow was essentially turbulent throu^out the 
rane^e of iUtynolde numbers* These indiostions are the 
lack of a definite transition I'egion and the feet that 
the curve of remains In close jproxtaity to the 
iichocmlierr turbulent curve even at low heymlds number s* 

It is possible th®t the apperent inflection in the curve 
of at Heyncld s nuabers of 7x10^ to 6*5x10^ Is due to 
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a Bharp incx'ease in reBid?^‘,y r«*ii^tanc 0 due to wave 
formation® 

^ui'thcr’ subMtaritlatlon of the ebeer.oe of laainar 
flow durirHj; the heated vmm iB found in Picjuro PU The 
hm% trcnafer rate throu,;;h a tm*bul«nt bovmdary 
ha« been found to be muoh for the 6a»« temperature 

dlf forenoe and velooity than that thi'o\ji;ijh a lominar 
boundary layer LlOl » Ab eliownin Figure IX, our 
eeXculated heat tronssfer rate to the weter (neglect in^ 
the saatll aieount of heat being tninsf erred to the »ir) 

18 aore tiian twice the rate that we would expect If the 
boundary layer vies completely etabilised to leainisr 
flow. 

The results of heated rune are plotted in Figure YIII, 
A ssiall but Blgnifiof?nt change in resulted when the 
sodel surface was heated, 

A more oignifioant Indlertion of the effect of 
heating the surface of the laodel is at*own in Table I 
where is oospared to the average siarfaoe teapers'^ttire 
(T., )o Sil^oe all but four of the runs show values of 
which are less than the average surface teaperature, 
it appears that the change in caused by heating was 
due only to the viscosity change in the boundary Ifgrer 
and not to any delay in transition. For the four runs 
in which exceeded the average surface temperature, 
the average value of - T&g) was 3*7 degrees F,, vdiile 
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the mxlEiuai raiue of (% - only 6.B degr#es F« 

Furth® 2 *, tiles© four rimSg in ^^enersi, occui*red at the 
hi^er* speedi} where the ciian^e of with veXoolty wa# 
much largtsr rjtid the evalwjtlon of the change sioi^ subject 
to error* Since the deteralnation of dep*jnded on the 
accui*ato evaiustion of the change in C^, the possible 
error in ^ increeeee with en inoroase in speed, 5his 
fact, coupled with the expectation tiiat a jsuon greater 
reduction in resiatanoe would have occui'red if the 
tx*aruiition to laeiinfir flow had been delayed^ oceta 
doubt on th© vslidity of concluding on the baala of 
these fou^ runs, that the nature of flow paat the 
•odd was changed in any way* 

Ho definite conolueiona con be di*awn as to whether 
or not any atabilization of flow took place throu^ 
heating until a taore eooui'ate deteraimtlon of the 
oharacter of flow past the laodel and the teapei'ature 
distribution in the laodei hull la accoapliehed* liut 
the weight of evidence froa oui' limited data tenaa to 
support the concluaion that the change brou^it about 
by heating wjib caused only by tiie variation in 
viscosity* 

By way ox' sumatery, the identity of the type of 
flow around the tested model waa not firmly established* 
The effect of heating that was observed by this method 
of Investigation is most likely (^largeable to the 
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viscosity effect. The indications that the transition 
from laminar to turbulent flow was delayed by heating 
were not strong enough to substantiate or disprove the 
effect under investigation. 

It is suggested that this investigation be continued 
by another method of experimentation. The app»li cable 
methods of experimentation include flow through pipes, 
circulating water channels, propeller tunnels, and 
towing tanks that are equipped with a towing carriage* 
These methods would provide a larger range of Reynolds 
numbers than the range that was available for this 
initial Investigation, This Investigation was limited 
by large form drag at the higher Reynolds numbers and 
by power lead errors at the lower Reynolds numbers. 

It is felt that any of the above listed methods v/ould 
lend themselves to providing power in large quantities 
to heat the surfaces without Introducing errors in 
measured forces and speeds. It is also recommended 
that facilities for study of the cliaracter of flow be 
Incorporated in any of the above types of investigation 
of this subject* 
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V.. GO'^CLUSIOHS 



I’lie results obtained from heating the surface 
of the towed model are not sufficiently conclusive to 
substantiate or disprove the effect under investigation* 
2m The need for external power leads makes the 
use of a towing tank vjhich does not include a towing 
carriage an unsatisfactory method for investigating 
the delay of boundary layer transition along a heated 
surface* 
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VI. RSCQi^iilENDATIOIvS 



1, The IxiveBtigation should be continued by one 
of the following methods of experimentation; 

(a) Flow through pipes 

(b) Circulating water channels 

(c) Propeller tunnels 

(d) Towing tanks that are equipped with 
a tovjing carriage, 

2. Facilities for the study of the character of 
flow should be Included in any future investigation. 
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APPgHDiX A 

DKTM14 a? PHocKira-.s 

H£.A"i*iKa coiL msim 

Thfi hofetin^ coil nrrangoaent wss designod on th# 
Ixiels of the ^^ohiliausen equation for laairu^r flow past 
flat platen 111] whicii provided a relationship between 
lonoltudineil position alon^ the hull and theoretical 
heat trmisfer i^te per unit area. This enabled the 
dstersainsitlon of longitudinal spacing of the wires 
which would theoretically give a constant hull surface 
temperature. 

The design of the heating coil arrangeatent consisted 
of the following steps: 

1, 02 Q A^Q Hlohroaie V wire (B-82, Hl-Gr) was 
selected for heating based on its ability to withstand 
large ourrents end high teaperaturee, 

2, Starting fro® the bow»and working aft, a 
current was selected for as oh run of wire such that the 
resultant Bijnoing of the heating wire would be ivjlther 
too close and cause installation difficult les nor too 
fer apart and exaggerate the heating discontinuity, 

3* With the ourrent selected, and asauaing a 
voltage of 110 volts, the length of wire for ea<^ 
pcrticulcr mm was oclculHted, Also the theoretical 
hect output per incii of wire was determined. 
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4* With the above inforiaation available, the 
spaoiio^' of each pass of wire was deteralned* By this 
procedure, it was determined that nine separate heating 
wires were required with a total length of 120,67 ft. 
Figure XI shows the final arrangement of the wires. 
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suyjiAHY OF aU'j a-jjCVL‘Tiom 



Cc^lculations 

1, For fc given Gpplli?jd force the velocity of the 
heeted end the unhe&ted model were obaerved. By eteuidard 
towiiit* tasik Cl Icul^f tior.8 the totfil reelstanc® coefficients 
based upon the measured water temper!? tui^e, were coraputed, 

2* The respootive reoidiial resistance coeffioiente 
were road off of the previously drawn curve of resid^ial 
resistiatnce coefficient versus velocity curve. 

(Figure XII}. 

3, HciVlJXg computed the Heynolds nunber of the un- 
hested SK)o.el run, the frictiorjal resistance coefficient 
was obtained from tsbles of the Sohoejilierr Frictional 
Keslstoiice Coefficients versus heynolds hujsibera, [13I 

4, Kefellsing that the total t'esistance coefficient 
changes as the inverse of water density, it wes assucied 
that the density re-iaeined constant over the r^ngo In 
water temperatures bt^tween the heatod and unheated runs. 
Therefore it was noted that the differerxoe in tot?l re- 
sistance coeffloxents that were cslculcted as indicated 
atx)ve were equal to the sum of the differences of the 
resldueil resistance cooff icl^nte and the frictional re- 
sistance coefficient G. 

5, The only unkno*»m In the ral!‘ tionship stated In 
C4.)was the frlctloiuji roGictance coefficient for the 
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he^itC'd iiK>dcl run. It obtLimd fro« that X’alf tionaiiip. 

6. Enter iS 2 g the tables of the iiciioei'iherr 
Re«l»tCLr#oe Coefficients versus Heynolds Kurabers with the 
determined voiuc of frlctioi^'.i reslstfe^noe coefficient 
for the heated ciodel run, the oorrespondini; .Reynolds 
number wes obtained. 

7* Khowin^g cli the tenas in the heynolda number 
except the klneoetio viscoaity of the wiiter, allowed d®- 
teral3¥-tion of that vf*lue. 

6. EntorXxx^ the table of kinem&tlc viscosity versus 
water teaperatur® [l3l yielded the desired value of 
keaml esA ^■u»or«tlerl ?oKtir X wamt to the ftodel r»r Omt*. 

s£Jl etaocrature i>iffei^onQ® 

1. Tlie actual power input per dei^rea of tei&peTiiturm 
difference was obtained by takings the calculated values 
of power input foi" each luitated run as listed in coltum 5 
of ^able X and dlvidijig* these values by the difference 
between the nvurn^j;® aurf^io® temperature as obtained by 
therrao couple rcadinjs and the water teupemture as observed 
by thermoraeter. 

2. ISubatltutin^ the properties of wat®r at 

6$m^^ in the Pohlliausen theoretical equation for iaaimr 
flow past flat plates [ill and combining the results 
with the %f®tted surface of 4.61 squai'o f^et, provided the 
theoretloal power input to the model per degree of 
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t©mp€5rfitui’« dlffex’enc® at selected vcilue of » 3 del 

Y®loctty» 

3* tKo relationsiilps th£4t %?®re oaloulL.ted as 

indicet®d above »x*e plotted for co'*ap&rl«on in 
Figure IXe 

Fower Inanit Cj^culrtions 

1. With a iiliapaon laeter the following resistfimoea 
were obtained. 
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6.30 

7.75 

7.65 

3.80 

9.00 

7.50 

9.00 

11.10 

12.40 



2. The ©oils were paralleled in the folXowlTJg groupings? 

OHOU? XTK-LUiX'O 

X 2, 3, 8 

IX 1, 7, 9 

111 4 , 5 , 6 

3. Th« equivalent resistanoe of each of the paralleled 



grou]>8 was oaXculrtedo 
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4, For detemir«r^tlon of th® power input for 
*Y" connect ion of the groups » the average isecsured 
line current squared was multiplied by the eusa of the 
group equivalent reslstanoes. 

5# For determination of the power input for 
■Delta* connection of the groups, the average measured 
line current squared was divided by the square root of 
three and multiplied by the sum of the group equivalent 
resistances. 

6» The result of ik.) aivd (5.) above were checked 
with caleulrtlons using the measured lijie voltage and 
celculatod line drop. 
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TABU?. IV 

Data From Sanded Model lluns without Electrical Leads Attached 
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